Introduction
A Ni-base superalloy, alloy 690, is the material of choice for pressurised-water nuclear reactor components because of its superior primary water stress corrosion cracking (PWSCC) resistance as compared with alloy 600. However, it has been pointed out that alloy 690 was highly susceptible to hot cracking in multipass welding 1 5) . Especially, microcracking in the reheated weld metal during the multipass welding is a serious problem to be solved 6 8) . In the previous reports 9, 10) , the dominant microcracking in the multipass weld metal of alloy 690 has been characterized being ductility-dip cracking. The ductility-dip crack susceptibility was obviously heightened with an increase in the contents of P and S in the filler metal. The primary cause of ductility-dip cracking in the reheated weld metal of alloy 690
would be the reduction of hot ductility and/or the imbalance between intergranular strength and intragranular strength at the high temperature attributed to the grain boundary segregation of impurity elements such as P and S. Furthermore, microcracking susceptibility could be greatly improved by adding 0.01-0.02mass%La to the weld metal due to the scavenging effect of La 11) .
The objective of the present study is to clarify the effect of Ce addition, which has also good affinity for P and S, to the filler metal on the microcracking susceptibility of the reheated weld metal of alloy 690.
Materials and Experimental Procedures
The base metal used in this study is a commercial alloy 690.
The eight kinds of filler metals varying the Ce content were used.
The chemical compositions of the base metal and filler metals are shown in Table 1 . The diameters of the filler metals are 1.2 mm.
The test specimens for evaluating the microcracking susceptibility were manufactured by single-pass GTAW (gas tungsten arc welding) using the above filler metals. The microcracking susceptibility in the reheated weld metal was evaluated by the Varestraint test (spot-and transverse-Varestraint tests) using GTAW specimen (thickness : 3 mm) as shown in Fig. 1 .
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The effect of Ce addition on microcracking susceptibility in the multipass weld metal of alloy 690 was investigated in order to improve the microcracking susceptibility in it. The ductility-dip cracking susceptibility in the reheated weld metal could be greatly improved by adding 0.015-0.025mass%Ce to the weld metal. Conversely, the excessive Ce addition to the weld metal led to liquation and solidification cracking in the weld metal. Hot ductility of the weld metal at the cracking temperature was greatly improved by adding 0.01-0.03mass%Ce, implying that the ductility-dip cracking susceptibility was decreased as a result of the desegregation of impurity elements of P and S to grain boundaries due to the scavenging effect of Ce. The excessive Ce addition to the weld metal resulted in the liquation and solidification cracking attributed to the formation of liquefiable Ni-Ce intermetallic compound. The multipass welding test confirmed that microcracks in the multipass welds were completely prevented by using the filler metal added 0.032mass%Ce. was conducted using 20 mm thick plates as described in the previous report 9, 11) . Hot ductility (reduction of area) of the weld metal was evaluated by the Gleeble test at 973-1573 K. The dimension of a specimen for the Gleeble test is shown in Fig. 2 (a)
The intergranular and intragranular deformabilities of the weld metal were also evaluated by the high temperature tensile test using grid-ruled specimens (grid interval: 0. The multipass weld metal was sectioned and prepared for microstructural observation by grinding and then polishing using emery papers of #400-#1500. The final polishing was done with alumina paste of 1 m. Electrolytic etching was performed with a 10 % oxalic acid ethanol solution at 1.5-3.0 V for 25-30 s.
Effect of Ce Addition on Microcracking Susceptibility in Reheated Weld Metal
The microcracking susceptibility of the reheated weld metal using the filler metals whose Ce contents were varied in 0- 
Hot Ductility and Local Deformability of Reheated Weld Metals
In order to clarify the causes of change in microcracking susceptibility with varying the Ce content in the weld metal, hot ductility and local deformability (grain boundary sliding and intragranular deformation) of the reheated weld metals were investigated by the Gleeble test and high temperature tensile test, respectively.
Effect of Ce addition on hot ductility of weld metal
The relation between the testing temperature and the reduction of area of the Ce-added weld metal is shown in Fig. 5 .
Hot ductility decreases with rise in the testing temperature, however, that except for the weld metals FC6 and FC7 is The hot ductility of the weld metal containing 0.01-0.02mass%Ce is much higher than that of other weld metals. It follows that hot ductility of the reheated weld metal is improved by adding a proper amount of Ce to the filler metal.
Local deformability at elevated temperature
The local deformability at elevated temperature of the weld metals was also investigated. Fig. 7 shows the effect of the testing temperature on the grain boundary sliding and intragranular deformation (strain) in the fractured weld metal FC4, which is 
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Microstructural Analysis of Ce-added Weld Metals
In order to elucidate the mechanism of improvement in the microcracking susceptibility by the addition of Ce, microstructural analysis of the weld metal was carried out. Microscopic examination revealed that a cellular structure was observed in any weld metal and there was no significant difference in the morphology and evenness of grain boundary with Ce addition to the weld metal. The mapping of elements in the weld metal FC4
analyzed by EPMA is shown in Fig. 8 . S, O and P tend to distribute at the same position of Ce. The products in the Ceadded weld metals were analyzed by electron diffraction and Xray diffraction analyses. Ce phosphide (CeP), sulphide (CeS 2 ) and oxide (CeO) were identified in the weld metal FC4 and Ni-Ce intermetallic compound (Ni 5 Ce) was additionally identified in the weld metal FC7.
Mechanism of Improvement in Microcracking by Addition of Ce
The improving mechanism of microcracking in the reheated weld metal of alloy 690 by the addition of Ce to the filler metal was discussed. From the fact that Ce phosphide and sulphide are formed in the Ce-added weld metals, the microsegregation of P and S to the grain boundary would be depressed attributed to that
Ce scavenges P and S in the weld metal 11, 12) . Consequently, it can be deduced that the ductility-dip cracking susceptibility would be improved by the amelioration of hot ductility of the weld metal (recovering from the grain boundary weakening).
On the other hand, the excessive Ce addition to the filler 
Microcracking in Multipass Welds using
Ce-added Filler Metal
In order to validate the effectiveness of the Ce-added filler metal for preventing microcracks in the multipass welds of alloy 690, the multipass welding test was conducted using the optimal Ce addition filler metal FC4. 
Conclusions
In the present study, the effect of Ce addition to the filler metal on microcracking in the reheated weld metal of alloy 690 was investigated in order to improve the microcracking susceptibility in the multipass welds. The results obtained may be summarized as follows;
(1) The ductility-dip cracking susceptibility could be greatly improved by adding 0.015-0.025mass%Ce to the weld metal.
The excessive Ce addition to the weld metal contrarily led to the liquation cracking and solidification cracking in the weld metal.
(2) Hot ductility of the weld metal containing 0.01-0.02mass%Ce was much higher than that of the Ce-free weld metal. The amounts of grain boundary sliding of the Ce-added weld metals were much smaller than that of the Ce-free weld metal.
These facts suggested that the intergranular strength of the weld metal at the high temperature could be improved by the addition of Ce. 
